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Simple Summary: Cellular senescence is considered a stress response that protects cells against
malignant transformation, facilitates tissue repair and development, and prevents virus replication.
However, excessive accumulation of senescent cells is associated with chronic diseases such as
age-related disorders, cancer, inflammatory diseases and virus replication. The relationship between
virus and cellular senescence is proving to be very complex. Cellular senescence can be induced
in response to virus infection restricting virus propagation. Some viruses are able to exploit the
senescence program to improve their replication, while others have developed strategies to subvert
senescence. Therapeutic approaches to eliminate senescent cells may be used as a mechanism to
ameliorate age-related diseases, but they may have an impact on virus replication. Here we review the
available evidence revealing an interplay between cellular senescence and virus replication. We also
discuss the consequences that treatment with senolytic agents may have on virus replication.
Abstract: Cellular senescence is viewed as a mechanism to prevent malignant transformation,
but when it is chronic, as occurs in age-related diseases, it may have adverse effects on cancer.
Therefore, targeting senescent cells is a novel therapeutic strategy against senescence-associated
diseases. In addition to its role in cancer protection, cellular senescence is also considered a mechanism
to control virus replication. Both interferon treatment and some viral infections can trigger cellular
senescence as a way to restrict virus replication. However, activation of the cellular senescence
program is linked to the alteration of different pathways, which can be exploited by some viruses to
improve their replication. It is, therefore, important to understand the potential impact of senolytic
agents on viral propagation. Here we focus on the relationship between virus and cellular senescence
and the reported effects of senolytic compounds on virus replication.
Keywords: senescence; senolytics; virosenolytics; virus
1. Introduction
Viral infection triggers the activation of many cellular stress–response pathways, such as heat
shock, oxidative-stress or DNA damage response (DDR), that can result in the induction of apoptosis or
autophagy. In most cases, these cellular responses contribute to controlling virus replication. However,
some viruses have developed strategies to avoid these antiviral responses or subvert them for their
own benefit [1,2]. Another consequence of the activation of stress response pathways by viruses may
be the induction of senescence. For some viruses, the unspecific induction of senescence is part of the
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antiviral response, limiting virus replication. Reinforcing the hypothesis that senescence contributes
to control virus replication, some viruses encode for proteins that specifically inhibit this process.
In contrast, some viruses are able to usurp the senescence pathway to promote virus production.
For example, some of the transcriptionally upregulated genes in senescent cells are cellular proteins
that work as viral receptors. Moreover, the characteristic stable cell cycle arrest that defines cell
senescence can benefit some viral agents. For example, the human immunodeficiency virus (HIV) is
more transcriptionally active in G2 [3], and a G2 cell cycle arrest increases the number of integrated
HIV provirus [4]. In addition, a G2 arrest can also modulate viral or cellular genes that are important
for the completion of the virus life cycle, as proposed for the enhanced expression of papillomavirus
capsid proteins of human papillomavirus type 6 (HPV6) and bovine papillomavirus type 1 (BPV1) [5].
Similar to what occurs with other antiviral responses, the outcome of senescence depends on the virus.
Cellular senescence denotes a condition of stable cell cycle arrest in which senescent cells do
not replicate but stay viable and metabolically active. This process can be beneficial and protect
against cancer or other types of stress, but an excess of senescent cells can favor cancer progression [6].
Senescent cells are characterized by metabolic and morphological alterations, reorganization of the
chromatin, altered gene expression and the secretion of a variety of cytokines, growth factors, proteases,
and chemokines called senescent-associated secretory phenotype (SASP) [7,8].
Although many biomarkers of senescence have been identified, most of them lack specificity or
are restricted to particular conditions. Among the diverse hallmarks of cellular senescence, some of the
most characteristic ones are a persistent DDR; a stable cell cycle arrest mediated by the p53/p21Cip1
and p16INK4a/pRb pathways; morphological changes characterized by enlarged size, flattened shape,
extensive vacuolization and multinucleation; upregulation of the cell cycle regulators p16INK4a
and p21Cip1; formation of senescence-associated heterochromatin foci (SAHF); the acquisition of
a senescence-associated secretory phenotype (SASP); and increased levels of beta-galactosidase
(SA-beta-gal) activity at pH 6.0 [9].
Cellular senescence can occur in response to different stimuli, including chemotherapeutic
treatment, oxidative or genotoxic stress, ionizing radiation, telomere shortening, oncogenic signaling
or virus infection [10]. DNA damage is a key event for the induction of cell senescence in response to
many of these stimuli, such as treatment with chemotherapeutic drugs, oxidative stress, the shortening
of telomeres, or oncogenic stress [11].
A factor linked to both DNA damage and senescence is interferon (IFN) signaling. Persistent beta
IFN treatment triggers a DNA damage signaling pathway and senescence [12], and DNA damage
induces type I IFN and stimulate IFN signaling, which amplifies DNA damage responses and promotes
a p53-dependent senescence program [13–15].
In this review, we focus on the interplay between viruses and senescence and the potential of
senolytic drugs as antivirals.
2. Virus and Senescence
2.1. Virus and Senescence-Associated Pathologies
Cellular senescence is considered a mechanism to prevent malignant transformation of damaged
cells, to facilitate tissue repair and development, and to control virus replication. However, senescence
can also contribute to the development of different pathologies such as age-related disorders, cancer,
inflammatory diseases and virus replication [5,16]. Although the upregulation of senescence-associated
pathways is related to some pathological conditions that can be triggered by a viral infection,
the existence of a direct relationship between virus infection and senescence induction in most of these
diseases has not been proved.
One of the few pathologies clearly related to both senescence and virus infection is HIV-related
osteoporosis and osteopenia. The maintenance of bone remodeling requires an adequate balance
between osteoblast generation-osteoclast resorption and an alteration of this balance leads to
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osteoporosis or osteopenia [17]. Cellular senescence is considered one of the key factors in this disease,
and it is clearly established that HIV infection is a risk factor for this pathological condition [18–20].
The secretion of two HIV proteins, Tat and Nef, to the media promotes human bone marrow
mesenchymal stem cell senescence through induction of inflammation and reduction of autophagy,
altering osteoblastic differentiation and inducing osteopenia or osteoporosis [21].
2.2. Cellular Senescence in Response to Virus Infection
The fact that many viruses activate the cellular DDR [22] and that virus infection induce the
production of IFN suggests that viruses may be a stimulus for senescence induction. The induction of
senescence in response to virus infection can result from the activation of different pathways (Table 1).
Infection of immortalized epithelial cells as well as of the respiratory epithelia of mice with the human
respiratory syncytial virus (HRSV) induces double-stranded breaks (DSB) caused by the generation of
reactive oxygen species (ROS) at the mitochondria leading to activation of a DDR and the induction of
senescence. A contribution of the HRSV-induced senescence to the physiopathology of the infection
has been proposed since the senescence state, and DNA damage induction still persists in the lungs of
the infected mice [23]. Similarly, infection with Merkel cell polyomavirus (MCPyV) also activates a host
DDR resulting in the induction of senescence of normal human dermal fibroblasts [20]. Expression of the
large T antigen of MCPyV has been demonstrated to induce DSB, the activation of ataxia–telangiectasia
mutated (ATM) protein kinase and the phosphorylation of p53 and KRAB-associated protein 1 (KAP-1).
The accumulation of phosphorylated KAP-1 has been associated with a G2 phase arrest, a mechanism
that may avoid viral DNA replication [24,25].
Infection of the human umbilical vein endothelial cells (HUVEC) with dengue virus (DENV) also
leads to the expression of SA-beta-gal, cell cycle arrest and morphologic changes typical of senescent
cells [26], and this process has been proposed to contribute to the pathogenesis of the virus. However,
whether the DENV-induced senescence occurs through a DNA damage-mediated pathway is unknown.
Another mechanism that mediates virus-induced cellular senescence is cell-to-cell fusion, a strategy
that may facilitate viral spreading, avoiding detection by the immune system [27]. Infection of normal
human lung fibroblast (IMR90) cells with measles virus (MV) triggers cellular senescence as revealed
by the reduction of cell proliferation, the SA-beta-gal staining, the increase in the expression of p53 and
p21 or the induction in the expression of SASP components such as interleukin-8 (IL-8) or the C–C
motif chemokine ligand 5 (CCL5). The authors also reported an increase in DNA damage and p53
phosphorylation in IMR90 cells expressing the MV protein ERWVE, which facilitates the maintenance
of the senescence state of the cells. Induction of senescence by MV was not restricted to IMR90.
MV infection also triggered senescence in the adenocarcinoma cell line A549, and this induction occurs
in a p53-dependent manner [28]. The authors propose that this process may facilitate the recognition
and elimination of the infected cells by the immune system.
Another virus that has been proposed to trigger senescence through activation of p53, as well
as the p16INK4a pathways, is the human cytomegalovirus (HCMV). Infection of fibroblasts with
HCMV induces cell cycle arrest and premature senescence, probably mediated by the expression
of the viral IE2 protein [29,30]. Similar to HCMV IE2 protein, the expression of other individual
viral proteins can also promote cellular senescence. This is the case of the HIV Tat and Nef proteins,
which can induce senescence of human bone marrow mesenchymal stem cells [21], as mentioned
above. Inhibition of autophagy seems to mediate the HIV Nef-induced senescence while Tat triggers
senescence through the nuclear factor kappa B (NF-kB) pathway [21,31]. Moreover, HIV Tat may also
trigger senescence by additional mechanisms. Thus, expression of HIV Tat in endothelial cells or in
transgenic mice upregulates the expression of the microRNA miR-34a [32], a molecule that targets
sirtuin 1 (SIRT1), leading to the induction of senescence [33,34]. Together with Tat and Nef, other HIV
proteins can also increase the expression of this senescence-associated microRNA and contribute to the
induction of cell senescence, as revealed after the expression of the gp120 protein from X4 and R5 HIV-1
strains in endothelial cells [35]. Analysis of senescence markers such as p16INK4a, p53 or SA-beta-gal
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activity revealed that expression of Tat and Nef proteins from the simian immunodeficiency virus
(SIV) in adipose tissue and human adipose stem cells also results in the induction of senescence [36].
Activation of the senescence program by both proteins occurs through an oxidative stress pathway.
The pro-senescent activity of HIV proteins has been proposed to contribute to the pathology in infected
people, such as in cardiovascular diseases.
Table 1. Induction of senescence by viruses.
Virus Mechanism References
Human respiratory syncytial virus (HRSV) Oxidative-stress-mediated DNA damage [23]
Human cytomegalovirus (HCMV) The HCMV IE2 protein transcriptionally upregulatesp16INK4a [29,30]
Epstein–Barr virus (EBV) Replicative stress and DNA damage [41]
Kaposi’s sarcoma-associated herpesvirus (KSHV) Replicative stress and DNA damage [42]
Merkel cell polyomavirus (MCPyV) ATM-dependent DDR [25]
H7N9 influenza A virus (IAV) Viral NS1 protein increases nitric oxide synthase expressionand nitric oxide release [40]
Human immunodeficiency virus (HIV)
HIV Tat protein activates NF-kB [21,31]
HIV Tat, and gp120 proteins upregulate miR34a [32,35]
HIV Nef protein inhibits autophagy [21]
Hepatitis B virus (HBV) The C-terminally truncated HBx protein of HBV upregulatesp16INK4a and p21Cip1 and downmodulates pRb [39,43]
Hepatitis C virus (HCV) Telomere shortening [37,38]
Measles virus (MV) Cell to cell fusion [28]
Dengue virus (DENV) Unknown mechanism [26]
Senescence induction also results from infection with other tumor viruses such as hepatitis
C virus (HCV) or hepatitis B virus (HBV). Senescent hepatocytes were found in chronic hepatitis due
to HCV [37]. In addition, a correlation between liver fibrosis observed in chronic HCV infections
and cellular senescence has been reported. Cellular senescence in liver cells infected with HCV has
been suggested to occur as a consequence of the telomere shortening produced in response to the
oxidative stress caused in the mitochondria by the HCV core protein [37,38]. Analysis of liver tissue
from patients with chronic HBV infection also revealed an association between HBV infection and
senescence-associated markers [39].
Interestingly, the NS1 protein of some influenza A virus (IAV) strains can also trigger cellular
senescence. Thus, the increase in nitric oxide synthase expression and nitric oxide release by neuro2a
cells and primary cultured mouse cortical neurons in response to NS1 protein from H7N9 IAV
expression can activate a cellular senescence program [40].
2.3. Cell Senescence as an Antiviral Response
Cellular senescence can contribute to dysfunctional viral-sensing mechanisms and thus affect
virus replication. Senescence of primary or tumor cells, independently of the stimuli involved in
its induction, is a mechanism to control vesicular stomatitis virus (VSV) infection [44]. Importantly,
the control of VSV propagation by senescence was also demonstrated in mice. Senescence induction in
a mouse model of bleomycin-induced lung injury reduced the VSV recovery from the lungs of the
infected mice [44].
Senescence of HUVEC cells was also reported to inhibit DENV infection [26]. However, this effect
seems to be cell type-dependent since senescence induction in monocytes has been shown to trigger
an increase in the expression of the dendritic cell-specific intercellular adhesion molecule-3 (ICAM-3)
grabbing nonintegrin (DC-SIGN) receptor facilitating DENV infection [45].
Finally, a negative role of senescence on MCPyV infection has been reported. Siebels et al. (2020)
demonstrated that KAP-1 is a restriction factor for MCPyV infection and that replication of the virus
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induces the phosphorylation of KAP-1 and the subsequent cellular senescence [25]. Therefore, it has
been proposed that senescence is a host defense mechanism against MCPyV [25].
2.4. Viral Proteins That Inhibit Cellular Senescence
Cellular senescence may contribute to the antiviral activity of IFN [46]. To replicate in the host,
viruses require mechanisms to subvert this antiviral response. Therefore, some viruses have developed
proteins able to counteract cell senescence (Table 2).
The deregulation of cell proliferation that occurs after the initial infection of primary cells in
response to the expression of latent viral oncoproteins from the Epstein–Barr virus (EBV) or Kaposi’s
sarcoma-associated herpesvirus (KSHV) elicits the activation of a DNA damage response [47,48]
and the induction of oncogene-induced senescence [41,42]. Early after B-cell infection with EBV,
the expression of the latent proteins EBNA-LP and EBNA2 induces the transcriptional transactivation
of cellular genes that control entry into the cell cycle and the activation of an ATM/Chk2-dependent
DDR [47]. Activation of the ATM kinase is also the mechanism inducing the DDR signaling in response
to KSHV infection [48]. However, the expression of the EBV latent proteins EBNA3C and LPM1 of EBV
has been shown to attenuate the DNA damage response [47] and to block the p16INK4a-Rb pathway
promoting senescence bypass [49,50]. Similarly, expression of the KSHV latent proteins vCyclin and
v-FLIP also inhibits senescence. KSHV vCyclin forms active kinase complexes with Cdk6 that are
resistant to the inhibition by p21Cip1, p16INK4a and p27Kip1 [51] and induces p27 degradation [52]
suppressing replicative senescence in primary human lymphatic endothelial cells [53] as well as
senescence triggered by NF-kB hyperactivation [54]. Suppression of autophagy has been proposed as
the mechanism that mediates the senescence bypass by KSHV v-FLIP [55].
Table 2. Inhibition of senescence by viruses.
Virus Mechanism References
Epstein–Barr virus (EBV) EBV latent proteins EBNA3C and LMP1 attenuate DDRand block p16INK4a-pRb pathway [47,49,50]
Kaposi’s sarcoma-associated
herpesvirus (KSHV)
KSHV vCyclin protein forms active kinase complexes
with Cdk6 and induces p27 degradation KSHV vFLIP
protein suppresses autophagy
[51–55]
Hepatitis B virus (HBV) HBV HBx protein downmodulates p16INK4a and p21Cip1 [56,57]
Human papillomavirus (HPV) HPV E6 and E7 proteins destabilize pRb and activatetelomerase [58,59]
The HBx protein of HBV has a crucial role in the pathogenesis of hepatocellular carcinoma
(HCC). Expression of the C-terminal truncated HBx protein has been reported to induce senescence
through the induction of p16INK4a and p21Cip1 expression and the downmodulation of pRb
phosphorylation [43]. However, the expression of the full-length HBx protein diminishes the expression
of DNA methyltransferases, downmodulating the expression of p16INK4 and p21Cip1 and overcoming
senescence [56,57].
Other two viral proteins able to inhibit senescence are the human papillomavirus (HPV) E6 and
E7 proteins. Among the different functions attributed to HPV E6 and E7 proteins is the binding of
HPV E7 to the active form of the retinoblastoma family of tumor suppressor proteins inducing its
destabilization, the degradation of p53 or the activation of telomerase [58]. Although co-expression
of both proteins bypasses replicative senescence in keratinocytes, only the inhibition of pRb and the
stimulation of telomerase activity was essential for this inhibition [59].
2.5. Hijacking Cellular Senescence by Virus
Some viruses can exploit the senescence program to increase their replication rate through a
variety of mechanisms. One example is viruses that benefit from the increase in viral receptors that
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occurs when cells go to senescence, such as DENV. DENV can attach to DC-SIGN to infect cells [60],
and this receptor is upregulated in senescent cells, which facilitates its infection by DENV [45,60].
The exploitation of the senescence program by DENV may be limited by the cell type. Thus, it has been
reported that senescence has a negative impact on the infectivity of HUVEC cells by DENV [26]. It has
been speculated that increased DC-SIGN expression in senescent monocytes might increase infectivity
by other viruses, including IAV, HIV, Ebola, HCV, cytomegalovirus and severe acute respiratory
syndrome coronavirus (SARS-CoV) since these pathogens can be captured by DC-SIGN [61].
A reduction in the virus-induced type I IFN expression in senescent cells is the mechanism
proposed by Kim et al. (2016) to explain the increased susceptibility of primary human bronchial
epithelial cells and human dermal fibroblasts undergoing replicative senescence to both IAV and
varicella-zoster virus (VZV) relative to non-senescent cells [62]. Higher susceptibility of senescent cells
to VZV has been proposed as the cause of the relatively high incidence of zoster in aging patients
together with immunosenescence.
The increased susceptibility of senescent cells to some viral infections makes senescence a potential
target to control viral replication.
2.6. Utility or Risks of Using Senolytic Drugs to Treat Virus Infection
The relevance of senescence in some pathogenic conditions has led to the development of
senolytics, compounds able to selectively eliminate senescent cells [63], as potential treatments for
several diseases [64–66]. Since senescence may alter (upregulate or downmodulate) the replication
capacity of different viruses, it is important to evaluate the effect of drugs with senolytic activities on
virus replication.
Dasatinib is a potent kinase inhibitor whose main targets are the Src family of kinases and probably
other tyrosine kinases [67,68]. Its ability to inhibit Src and Bcr-Abl kinases [67,69,70] is the main reason
for its utility for the treatment of patients with chronic myeloid leukemia (CML), especially for those
resistant to imatinib treatment [71]. Moreover, dasatinib seems to be effective in the selective elimination
of senescent cells [68] and also appears to be effective in suppressing renal fibrosis and improve renal
function in several animal models [72]. In addition, its combination with other senolytic agents
revealed improved physical function in patients with idiopathic pulmonary fibrosis [73]. Treatment
with dasatinib has an impact on the replication of different viruses such as the flavivirus DENV and
HCV. Treatment of DENV infected cells with dasatinib inhibits DENV replication, particle assembly
and secretion, likely through the inhibition of the Src-family kinases [74,75]. Inhibition of the Abl
kinase has been proposed as the mechanism through which dasatinib blocks the entry of HCV [76,77].
Several alphaviruses have also been reported to be sensitive to the inhibition of Src family kinases.
Thus, treatment of cells infected with chikungunya virus, Mayaro virus, o’nyong-nyong virus, Ross
river virus or Venezuelan equine encephalitis virus with dasatinib decreases the translation efficiency
of viral RNAs, limiting their replication [78]. Src protein tyrosine kinases play a relevant role at various
stages of HIV-1 entry, and its inhibition restricts HIV-1 entry in activated primary CD4 + T cells [79]
and preserves the antiviral activity of the sterile alpha motif and histidine-aspartic domain-containing
protein 1 (SAMDH1) [80,81]. Other viruses, such as poliovirus, are not affected by this drug [74].
In contrast, there are numerous reports describing the reactivation of latent viral infections in CML
patients treated with Src tyrosine kinase inhibitors, including dasatinib or imatinib, likely due to the
downmodulation of the T-cell mediated immune response caused by these drugs. Thus, CML patients
treated with these drugs present more predisposition for infection with or reactivation of different
viruses such as cytomegalovirus, human herpesvirus 6, VZV or SARS-CoV-2 [82–87]. Additionally,
although dasatinib treatment has been reported to inhibit the replication of HBV [88], enhanced HBV
replication and reactivation has been reported in CML patients [89,90].
Navitoclax (also known as ABT-263) belongs to a class of senolytic agents whose mechanism
of action is the inhibition of the Bcl-2 family of anti-apoptotic proteins [91,92]. It has been validated
in different preclinical models demonstrating its capacity to kill senescent cells, although with high
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toxicity [93]. Evaluation of navitoclax on virus replication revealed that it induces premature apoptosis
of cells infected with IAV leading to the attenuation of the production of proinflammatory and antiviral
cytokines [94]. Importantly, treatment with navitoclax of mice infected with IAV led to an imbalance in
cytokine production that, together with the inability of the immune system to clear the virus, reduced
the survival rate of IAV-infected mice. Although the authors demonstrated that navitoclax treatment
also induced the premature apoptosis of cells infected with other viruses such as herpes simplex virus
type-1 (HSV-1), MV, vaccinia virus (VACV), herpes simplex virus type-2 (HSV-2), influenza B virus
(IBV), Bunyanwera virus (BUNV) or Sindbis virus (SINV) in vitro, they did not evaluate whether this
increased apoptosis accelerated or attenuated virus infection in vitro or in vivo. A reduction in virus
replication resulting from premature and specific death of the cells infected with IAV, IBV, Middle
East respiratory syndrome (MERS-CoV), Zika virus (ZIKV), HBV, HSV-1, HSV-2 and echovirus 1 and
6 upon navitoclax treatment has been recently reported [95]. The selective killing of HIV-infected
primary cells during productive infection by navitoclax has been proposed as a strategy of eliminating
host cells capable of producing HIV [96].
HSP90 inhibitors such as geldanamycin, 17-DMAG (alvespimycin), and 17-AAG (tanespimycin)
constitute other classes of agents with senolytic activity in mouse and human cells. These compounds
destabilize the phosphorylated form of protein kinase B (PKB/AKT), resulting in apoptosis of senescent
cells [97]. Numerous articles demonstrate that HSP90 is required for most viral protein homeostasis.
Therefore these drugs can exert antiviral activity against a wide variety of viruses. Inhibition of HSP90
through treatment with geldanamycin reduced the replication of VSV, paramyxovirus SV5, human
parainfluenza virus type-2 (HPIV-2), human parainfluenza virus type-3 (HPIV-3), Simian virus 41
(SV41), La Crosse bunyavirus, Zaire Ebola virus, VACV, HCV, HSV-2, and poliovirus [98–103].
Another frequently used senolytic agent is quercetin [68]. Quercetin belongs to a group of natural
compounds found in a wide variety of plants and fruits. The senolytic activity of quercetin is mediated
by the modulation of different signaling pathways and gene expressions such as NF-kB, cyclin D1, Bax,
Bcl-2, PARP and Gadd45 [104]. Recently, these compounds acquired high interest because different
screenings and preliminary studies propose quercetin as a potential drug against SARS-CoV-2 [105–108]
and ZIKV replication [109]. Quercetin has been proved to inhibit ZIKV replication by binding to
ZIKV NS2B-NS3 protease and inhibiting its catalytic activity [110,111]. In addition, quercetin also
prevents ZIKV to enter into the host cells [109], likely through a direct action on the viral particle,
as described for other flavonoid agents like epigallocatechin gallate (EGCC) [112]. It has been
reported that this compound binds to the surface of the HIV envelope and destabilizes the viral
particle [113]. A similar interaction with and inhibition of the DENV NS2B-NS3 protease has also been
reported [114–116]. In addition, quercetin has also been demonstrated to exert antiviral activity against
other viruses. Quercetin inhibits HCV by many different mechanisms directed either against the host or
the virus. Thus, it affects virion integrity, decreases internal ribosome entry site (IRES) activities [117],
inhibits NS5A-driven IRES-mediated translation of the viral genome [118,119], and inhibits HCV
replication [120]. Moreover, quercetin also downmodulates the synthesis of triacylglycerol (TAG),
partially through modulating diacylglycerol acyltransferase (DGAT) activity, affecting the trafficking of
the HCV core protein to lipid droplets (LDs), an essential process for infectious virion production [121].
This drug has also been shown to be effective against IAV. Quercetin interacts with the hemagglutinin
of different IAV strains, blocking their entry into the cell [122]. Herpesviruses are also blocked by
this drug. In this case, quercetin downmodulates the expression of immediate-early genes of HCMV
and VZV [123], whereas several activities seem to mediate its effect on HSV-1. Quercetin inhibits
binding and entry of HSV-1 in host cells and downmodulates NF-kB activation inhibiting viral gene
expression [124]. Inhibition of the expression of TLR-3 has been proposed as the mechanism by which
quercetin inhibits NF-kB and IRF3 [125].
A novel class of broad-spectrum senolytics is cardiac glycosides such as ouabain or
digoxin [126,127]. This family of compounds targets the Na+/K+ATPase pump causing an imbalanced
electrochemical gradient within the cell leading to depolarization and acidification. Cardiac glycosides
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have been demonstrated to have a broad antiviral activity such as anti- alphavirus [128],
cytomegalovirus [129–131], herpesvirus [132,133], or HIV [134,135], among others, and the mechanism
of action depends on the viral agent. Ouabain downmodulates the expression of both viral RNA
and antigens in cells infected with Sendai virus, likely by preventing the intracellular accumulation
of K ion required for the exponential growth of the virus [136]. Ouabain and digoxin also inhibit
SARS-CoV-2 replication [137] as well as the cellular entry of VSV, mouse hepatitis virus (MHP), feline
infectious peritonitis virus (FIPV) and MERS-CoV through a mechanism mediated by Src [138]. In this
study, the authors did not find any effect of these compounds on IAV. However, more recent studies
have found that cardiac glycosides decrease IAV replication in alveolar epithelial cells by decreasing
intracellular potassium, which triggers the inhibition of protein translation [139].
The ability of some viruses to exploit the senescence pathway to improve their replication opens a
window of opportunities to use those viruses as potential senolytic agents. Thus, infection with MV has
been reported to accelerate the lysis of a panel of cancer cell lines induced into senescence after treatment
with chemotherapeutic drugs [140]. The combinatorial effect of measles-based virotherapy, together
with the chemotherapeutic agent that induces senescence, gemcitabine, on human pancreatic cancer
cell lines, has also been evaluated [141]. The authors found that the combination was significantly
more effective than the individual treatments reducing cell viability. The use of MV as a senolytic agent
is possible due to the ability of the virus to replicate in senescent cells and induce their lysis even faster
than in non-senescent cells. An increase in the cellular receptors intercellular adhesion molecule-1
(ICAM-1) and decay-accelerating factor (DAF) in response to doxorubicin and the consequently
improved infection by the oncolytic Coxsackievirus A21 may explain why the combination of this
viral agent with the senescence-inducing agent doxorubicin also resulted in greater tumor reduction
compared to either agent alone [142]. Another oncolytic virus that replicates more efficiently in
senescent than in normal cells is IAV. Therefore, an IAV adapted to avoid pathogenicity may be a
potentially useful “virosenolytic” agent.
3. Conclusions
Prolonged IFN treatment or infection with some viruses can promote cellular senescence,
which can protect against the infection with these or other viral agents, but it may contribute to
the physiopathology of the infection. Some viral agents have developed strategies to prevent cellular
senescence, thereby promoting virus replication and virus-related diseases. Others have evolved
different mechanisms to exploit the senescence program for their own benefit. Senescence-targeted
therapies have proved effective in removing senescent cells from animal models and humans and
have been proposed as a therapeutic strategy to delay, prevent or treat different age-associated
pathologies. Senolytic strategies may also be useful to combat the infection with those viruses
that benefit from cellular senescence (Figure 1). One potential problem of using oncolytic viruses
as senolytic agents is the antiviral immunity that can decrease the effectiveness of the viral agent.
In addition, the proinflammatory response promoted by the virus will be added to the extracellular
factors that comprise the SASP and that evoke immune responses. Could this strategy result in
excessive inflammation? Finally, it is also important to consider that many clinical data reveal the
reactivation of latent viral infections in response to senolytic drugs. What would be the effect of a
virus coinfection? More studies are needed to define the benefits and risks of these compounds on
virus-related diseases.
Biology 2020, 9, 455 9 of 16
Biology 2020, 9, x FOR PEER REVIEW 9 of 17 
 
 
Figure 1. Schematic representation of the induction and/or inhibition of senescence by viruses and the 
effect of senescence on virus replication. Upon virus infection, cells can enter into senescence as a 
consequence of DNA damage, replicative stress or cell-to-cell fusion, among others. Cellular 
senescence limits the replication of different viral agents, whereas it contributes to the efficient 
replication of others. Consequently, targeting the senescent cells using senolytic agents has a negative 
or positive effect on virus infection, depending on the virus. Dengue virus (DENV), Epstein–Barr 
virus (EBV), hepatitis B virus (HBV), human cytomegalovirus (HCMV), human immunodeficiency 
virus (HIV), human papillomavirus (HPV), human respiratory syncytial virus (HRSV), influenza A 
virus (IAV), Kaposi’s sarcoma-associated herpesvirus (KSHV), Merkel cell polyomavirus (MCPyV), 
measles virus (MV), varicella-zoster virus (VZV), vesicular stomatitis virus (VSV). 
Author Contributions: R.S., S.V., Y.H.B., A.E.M. and C.R. reviewed the literature and wrote the manuscript. All 
authors have read and agreed to the published version of the manuscript. 
Funding: This research was funded by Ministry of Science, Innovation and Universities and FEDER (BFU-2017-
88880-P) and Xunta de Galicia (ED431G 2019/02). RS and SV are predoctoral fellows funded by Xunta de Galicia-
Consellería de Cultura, Educación y Ordenación Universitaria (ED481A-2020/160 and ED481A-2018/110, 
respectively). 
Conflicts of Interest: The authors declare no conflicts of interest. 
References 
1. Gillet, G. Viral inhibition of apoptosis. Trends Microbiol. 1996, 4, 312–317, doi:10.1016/0966-842x(96)10047-0. 
2. Choi, Y.; Bowman, J.W.; Jung, J.U. Autophagy during viral infection—A double-edged sword. Nat. Rev. 
Genet. 2018, 16, 341–354, doi:10.1038/s41579-018-0003-6. 
3. Goh, W.C.; Rogel, M.E.; Kinsey, C.M.; Michael, S.F.; Fultz, P.N.; Nowak, M.A.; Hahn, B.H.; Emerman, M. 
HIV-1 Vpr increases viral expression by manipulation of the cell cycle: A mechanism for selection of Vpr 
in vivo. Nat. Med. 1998, 4, 65–71, doi:10.1038/nm0198-065. 
4. Groschel, B.; Bushman, F.D. Cell cycle arrest in G2/M promotes early steps of infection by human 
immunodeficiency virus. J. Virol. 2005, 79, 5695–5704, doi:10.1128/jvi.79.9.5695-5704.2005. 
5. Davy, C.; Doorbar, J. G2/M cell cycle arrest in the life cycle of viruses. Virology 2007, 368, 219–226, 
doi:10.1016/j.virol.2007.05.043. 
6. Faget, D.V.; Ren, Q.; Stewart, S.A. Unmasking senescence: Context-dependent effects of SASP in cancer. 
Nat. Rev. Cancer 2019, 19, 439–453, doi:10.1038/s41568-019-0156-2. 
7. Hernandez-Segura, A.; Nehme, J.; DeMaria, M. Hallmarks of cellular senescence. Trends Cell Biol. 2018, 28, 
436–453, doi:10.1016/j.tcb.2018.02.001. 
Figure 1. Schematic representation of the induction and/or inhibition of senescence by viruses and
the effect of senescence on virus replication. Upon virus infection, cells can enter into senescence as a
consequence of DNA damage, replicative stress or cell-to-cell fusion, among others. Cellular senescence
limits the replication of different viral agents, whereas it contributes to the efficient replication of
others. Consequently, targeting the senescent cells using senolytic agents has a negative or positive
effect on virus infection, depending on the virus. Dengue virus (DENV), Epstein–Barr virus (EBV),
hepatitis B virus (HBV), human cytomegalovirus (HCMV), human immunodeficiency virus (HIV),
human papillomavirus (HPV), human respiratory syncytial virus (HRSV), influenza A virus (IAV),
Kaposi’s sarcoma-associated herpesvirus (KSHV), Merkel cell polyomavirus (MCPyV), measles virus
(MV), varicella-zoster virus (VZV), vesicular stomatitis virus (VSV).
Author Contributions: R.S., S.V., Y.H.B., A.E.M. and C.R. reviewed the literature and wrote the manuscript.
All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by Ministry of Science, Innovation and Universities and FEDER (BFU-2017-88880-P)
and Xunta de Galicia (ED431G 2019/02). RS and SV are predoctoral fellows funded by Xunta de Galicia-Consellería
de Cultura, Educación y Ordenación Universitaria (ED481A-2020/160 and ED481A-2018/110, respectively).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Gillet, G. Viral inhibition of apoptosis. Trends Microbiol. 1996, 4, 312–317. [CrossRef]
2. Choi, Y.; Bowman, J.W.; Jung, J.U. Autophagy during viral infection—A double-edged sword. Nat. Rev. Genet.
2018, 16, 341–354. [CrossRef]
3. Goh, W.C.; Rogel, M.E.; Kinsey, C.M.; Michael, S.F.; Fultz, P.N.; Nowak, M.A.; Hahn, B.H.; Emerman, M.
HIV-1 Vpr increases viral expression by manipulation of the cell cycle: A mechanism for selection of Vpr
in vivo. Nat. Med. 1998, 4, 65–71. [CrossRef]
4. Groschel, B.; Bushman, F.D. Cell cycle arrest in G2/M promotes early steps of infection by human
immunodeficiency virus. J. Virol. 2005, 79, 5695–5704. [CrossRef]
5. Davy, C.; Doorbar, J. G2/M cell cycle arrest in the life cycle of viruses. Virology 2007, 368, 219–226. [CrossRef]
6. F get, D.V.; Ren, Q.; Stewart, S.A. Unm sking senescence: Context-dep ndent effects of SASP in cancer.
Nat. Rev. Cancer 2019, 19, 439–453. [CrossRef]
7. Hernandez-S gura, A.; Nehme, J.; DeMaria, M. Hallmarks of cellular sen sc nce. Trends Cell Biol.
2018, 28, 436–453. [CrossRef]
Biology 2020, 9, 455 10 of 16
8. Sharpless, N.E.; Sherr, C.J. Forging a signature of in vivo senescence. Nat. Rev. Cancer 2015, 15, 397–408.
[CrossRef]
9. Gorgoulis, V.G.; Adams, P.D.; Alimonti, A.; Bennett, D.C.; Bischof, O.; Bishop, C.; Campisi, J.; Collado, M.;
Evangelou, K.; Ferbeyre, G.; et al. Cellular senescence: Defining a path forward. Cell 2019, 179, 813–827.
[CrossRef]
10. He, S.; Sharpless, N.E. Senescence in health and disease. Cell 2017, 169, 1000–1011. [CrossRef]
11. Chen, J.-H.; Halesy, C.N.; Ozanne, S.E. DNA damage, cellular senescence and organismal ageing: Causal or
correlative? Nucleic Acids Res. 2007, 35, 7417–7428. [CrossRef] [PubMed]
12. Moiseeva, O.; Mallette, F.A.; Mukhopadhyay, U.K.; Moores, A.; Ferbeyre, G. DNA damage signaling and
p53-dependent senescence after prolonged β-interferon stimulation. Mol. Biol. Cell 2006, 17, 1583–1592.
[CrossRef] [PubMed]
13. Brzostek-Racine, S.; Gordon, C.; Van Scoy, S.; Reich, N.C. The DNA damage response induces IFN. J. Immunol.
2011, 187, 5336–5345. [CrossRef] [PubMed]
14. Härtlova, A.; Erttmann, S.F.; Raffi, F.A.; Schmalz, A.M.; Resch, U.; Anugula, S.; Lienenklaus, S.; Nilsson, J.A.;
Kröger, A.; Nilsson, J.A.; et al. DNA damage primes the type I interferon system via the cytosolic DNA
sensor STING to promote anti-microbial innate immunity. Immunity 2015, 42, 332–343. [CrossRef]
15. Yu, Q.; Katlinskaya, Y.V.; Carbone, C.J.; Zhao, B.; Katlinski, K.V.; Zheng, H.; Guha, M.; Li, N.; Chen, Q.;
Yang, T.; et al. DNA-damage-induced type I interferon promotes senescence and inhibits stem cell function.
Cell Rep. 2015, 11, 785–797. [CrossRef]
16. Collado, M.; Blasco, M.A.; Serrano, M. Cellular senescence in cancer and aging. Cell 2007, 130, 223–233.
[CrossRef]
17. Delaisse, J.-M. The reversal phase of the bone-remodeling cycle: Cellular prerequisites for coupling resorption
and formation. Bonekey Rep. 2014, 3, 561. [CrossRef]
18. Bruera, D.; Luna, N.; David, D.O.; Bergoglio, L.M.; Zamudio, J. Decreased bone mineral density in
HIV-infected patients is independent of antiretroviral therapy. Aids 2003, 17, 1917–1923. [CrossRef]
19. Dolan, S.E.; Kanter, J.R.; Grinspoon, S.K. Longitudinal analysis of bone density in human immunodeficiency
virus-infected women. J. Clin. Endocrinol. Metab. 2006, 91, 2938–2945. [CrossRef]
20. Stone, B.; Dockrell, D.H.; Bowman, C.; McCloskey, E. HIV and bone disease. Arch. Biochem. Biophys. 2010,
503, 66–77. [CrossRef]
21. Beaupere, C.; Garcia, M.; Larghero, J.; Fève, B.; Capeau, J.; Lagathu, C. The HIV proteins Tat and Nef promote
human bone marrow mesenchymal stem cell senescence and alter osteoblastic differentiation. Aging Cell
2015, 14, 534–546. [CrossRef] [PubMed]
22. Luftig, M.A. Viruses and the DNA damage response: Activation and antagonism. Annu. Rev. Virol.
2014, 1, 605–625. [CrossRef] [PubMed]
23. Martínez, I.; García-Carpizo, V.; Guijarro, T.; García-Gomez, A.; Navarro, D.; Aranda, A.; Zambrano, A.
Induction of DNA double-strand breaks and cellular senescence by human respiratory syncytial virus.
Virulence 2016, 7, 427–442. [CrossRef] [PubMed]
24. Li, J.; Wang, X.; Diaz, J.; Tsang, S.H.; Buck, C.B.; You, J. Merkel cell polyomavirus large T antigen disrupts
host genomic integrity and inhibits cellular proliferation. J. Virol. 2013, 87, 9173–9188. [CrossRef]
25. Siebels, S.; Czech-Sioli, M.; Spohn, M.; Schmidt, C.; Theiss, J.; Indenbirken, D.; Günther, T.; Grundhoff, A.;
Fischer, N. Merkel cell polyomavirus DNA replication induces senescence in human dermal fibroblasts in a
Kap1/Trim28-dependent manner. mBio 2020, 11, e00142-20. [CrossRef]
26. Abubakar, S.; Shu, M.-H.; Johari, J.; Wong, P.-F. Senescence affects endothelial cells susceptibility to Dengue
virus infection. Int. J. Med. Sci. 2014, 11, 538–544. [CrossRef]
27. Matveeva, O.V.; Kochneva, G.V.; Netesov, S.V.; Onikienko, S.B.; Chumakov, P.M. Mechanisms of oncolysis by
Paramyxovirus sendai. Acta Nat. 2015, 7, 6–16. [CrossRef]
28. Chuprin, A.; Gal, H.; Biron-Shental, T.; Biran, A.; Amiel, A.; Rozenblatt, S.; Krizhanovsky, V. Cell fusion
induced by ERVWE1 or measles virus causes cellular senescence. Genes Dev. 2013, 27, 2356–2366. [CrossRef]
29. Noris, E.; Zannetti, C.; Demurtas, A.; Sinclair, J.; De Andrea, M.; Gariglio, M.; Landolfo, S. Cell cycle arrest by
human cytomegalovirus 86-kDa IE2 protein resembles premature senescence. J. Virol. 2002, 76, 12135–12148.
[CrossRef]
Biology 2020, 9, 455 11 of 16
30. Zannetti, C.; Mondini, M.; De Andrea, M.; Caposio, P.; Hara, E.; Peters, G.; Gribaudo, G.; Gariglio, M.;
Landolfo, S. The expression of p16INK4a tumor suppressor is upregulated by human cytomegalovirus
infection and required for optimal viral replication. Virology 2006, 349, 79–86. [CrossRef]
31. Yuan, Y.; Zhou, C.; Yang, Q.; Ma, S.; Wang, X.; Guo, X.; Ding, Y.; Tang, J.; Zeng, Y.; Li, D. HIV-1 Tat protein
inhibits the hematopoietic support function of human bone marrow mesenchymal stem cells. Virus Res.
2019, 273, 197756. [CrossRef] [PubMed]
32. Zhan, J.; Qin, S.; Lu, L.; Hu, X.; Zhou, J.; Sun, Y.; Yang, J.; Liu, Y.; Wang, Z.; Tan, N.; et al. miR-34a is a
common link in both HIV- and antiretroviral therapy-induced vascular aging. Aging 2016, 8, 3298–3310.
[CrossRef] [PubMed]
33. Badi, I.; Burba, I.; Ruggeri, C.; Zeni, F.; Bertolotti, M.; Scopece, A.; Pompilio, G.; Raucci, A. MicroRNA-34a
induces vascular smooth muscle cells senescence by SIRT1 downregulation and promotes the expression of
age-associated pro-inflammatory secretory factors. J. Gerontol. Ser. A Boil. Sci. Med. Sci. 2015, 70, 1304–1311.
[CrossRef] [PubMed]
34. Menghini, R.; Casagrande, V.; Cardellini, M.; Martelli, E.; Terrinoni, A.; Amati, F.; Vasa-Nicotera, M.;
Ippoliti, A.; Novelli, G.; Melino, G.; et al. MicroRNA 217 modulates endothelial cell senescence via silent
information regulator. Circulation 2009, 120, 1524–1532. [CrossRef] [PubMed]
35. Hijmans, J.G.; Stockleman, K.; Reiakvam, W.; Levy, M.V.; Brewster, L.M.; Bammert, T.D.; Greiner, J.J.;
Connick, E.; DeSouza, C.A. Effects of HIV-1 gp120 and tat on endothelial cell sensescence and
senescence-associated microRNAs. Physiol. Rep. 2018, 6, e13647. [CrossRef]
36. Gorwood, J.; Ejlalmanesh, T.; Bourgeois, C.; Mantecon, M.; Rose, C.; Atlan, M.; Desjardins, D.; Le Grand, R.;
Fève, B.; Lambotte, O.; et al. SIV infection and the HIV proteins Tat and Nef induce senescence in adipose
tissue and human adipose stem cells, resulting in adipocyte dysfunction. Cells 2020, 9, 854. [CrossRef]
37. Paradis, V.; Youssef, N.; Dargère, D.; Bâ, N.; Bonvoust, F.; Deschatrette, J.; Bedossa, P. Replicative senescence in
normal liver, chronic hepatitis C, and hepatocellular carcinomas. Hum. Pathol. 2001, 32, 327–332. [CrossRef]
38. Sekoguchi, S.; Nakajima, T.; Moriguchi, M.; Jo, M.; Nishikawa, T.; Katagishi, T.; Kimura, H.; Minami, M.;
Itoh, Y.; Kagawa, K.; et al. Role of cell-cycle turnover and oxidative stress in telomere shortening and cellular
senescence in patients with chronic hepatitis C. J. Gastroenterol. Hepatol. 2007, 22, 182–190. [CrossRef]
39. Tachtatzis, P.M.; Marshall, A.; Aravinthan, A.; Verma, S.; Penrhyn-Lowe, S.; Mela, M.; Scarpini, C.G.;
Davies, S.E.; Coleman, N.; Alexander, G.J.M. Correction: Chronic hepatitis B virus infection: The relation
between hepatitis B antigen expression, telomere length, senescence, inflammation and fibrosis. PLoS ONE
2015, 10, e0134315. [CrossRef]
40. Yan, Y.; Du, Y.; Zheng, H.; Wang, G.; Li, R.; Chen, J.; Li, K. NS1 of H7N9 influenza a virus induces NO-mediated
cellular senescence in Neuro2a cells. Cell. Physiol. Biochem. 2017, 43, 1369–1380. [CrossRef]
41. Hafez, A.Y.; Luftig, M.A. Characterization of the EBV-induced persistent DNA damage response. Viruses
2017, 9, 366. [CrossRef] [PubMed]
42. Koopal, S.; Furuhjelm, J.H.; Järviluoma, A.; Jäämaa, S.; Pyakurel, P.; Pussinen, C.; Wirzenius, M.; Biberfeld, P.;
Alitalo, K.; Laiho, M.; et al. Viral oncogene–induced DNA damage response is activated in Kaposi sarcoma
tumorigenesis. PLoS Pathog. 2007, 3, e140. [CrossRef]
43. Idrissi, M.E.; Hachem, H.; Koering, C.; Merle, P.; Thenoz, M.; Mortreux, F.; Wattel, E. HBx triggers either
cellular senescence or cell proliferation depending on cellular phenotype. J. Viral Hepat. 2015, 23, 130–138.
[CrossRef] [PubMed]
44. Baz-Martínez, M.; Da Silva-Álvarez, S.; Rodríguez, E.; Guerra, J.; El Motiam, A.; Vidal, A.; García-Caballero, T.;
González-Barcia, M.; Sánchez, L.; Muñoz-Fontela, C.; et al. Cell senescence is an antiviral defense mechanism.
Sci. Rep. 2016, 6, 37007. [CrossRef] [PubMed]
45. Hsieh, T.-H.; Tsai, T.-T.; Chen, C.-L.; Shen, T.-J.; Jhan, M.-K.; Tseng, P.-C.; Lin, C.-F. Senescence in monocytes
facilitates dengue virus infection by increasing infectivity. Front. Cell. Infect. Microbiol. 2020, 10, 375.
[CrossRef] [PubMed]
46. Reddel, R.R. Senescence: An antiviral defense that is tumor suppressive? Carcinogenesis 2009, 31, 19–26.
[CrossRef]
47. Nikitin, P.A.; Yan, C.M.; Forte, E.; Bocedi, A.; Tourigny, J.P.; White, R.E.; Allday, M.J.; Patel, A.; Dave, S.S.;
Kim, W.; et al. An ATM/Chk2-mediated DNA damage-responsive signaling pathway suppresses Epstein-Barr
virus transformation of primary human B cells. Cell Host Microbe 2010, 8, 510–522. [CrossRef]
Biology 2020, 9, 455 12 of 16
48. Singh, V.V.; Dutta, D.; Ansari, M.A.; Dutta, S.; Chandran, B.; Longnecker, R. Kaposi’s sarcoma-associated
herpesvirus induces the ATM and H2AX DNA damage response early during de novo infection of primary
endothelial cells, which play roles in latency establishment. J. Virol. 2013, 88, 2821–2834. [CrossRef]
49. Ohtani, N.; Brennan, P.; Gaubatz, S.; Sanij, E.; Hertzog, P.; Wolvetang, E.; Ghysdael, J.; Rowe, M.; Hara, E.
Epstein-Barr virus LMP1 blocks p16INK4a–RB pathway by promoting nuclear export of E2F4/5. J. Cell Biol.
2003, 162, 173–183. [CrossRef]
50. Yang, X.; He, Z.; Xin, B.; Cao, L. LMP1 of Epstein–Barr virus suppresses cellular senescence associated with
the inhibition of p16INK4a expression. Oncogene 2000, 19, 2002–2013. [CrossRef]
51. Swanton, C.; Mann, D.J.; Fleckenstein, B.; Neipel, F.; Peters, G.; Jones, N. Herpes viral cyclin/Cdk6 complexes
evade inhibition by CDK inhibitor proteins. Nat. Cell Biol. 1997, 390, 184–187. [CrossRef]
52. Ellis, M.; Chew, Y.P.; Fallis, L.; Freddersdorf, S.; Boshoff, C.; Weiss, R.A.; Lü, X.; Mittnacht, S. Degradation of
p27(Kip) cdk inhibitor triggered by Kaposi’s sarcoma virus cyclin-cdk6 complex. EMBO J. 1999, 18, 644–653.
[CrossRef]
53. DiMaio, T.A.; Vogt, D.T.; Lagunoff, M. KSHV requires vCyclin to overcome replicative senescence in primary
human lymphatic endothelial cells. PLoS Pathog. 2020, 16, e1008634. [CrossRef]
54. Zhi, H.; Zahoor, M.A.; Shudofsky, A.M.D.; Giam, C.-Z. KSHV vCyclin counters the senescence/G1 arrest
response triggered by NF-κB hyperactivation. Oncogene 2014, 34, 496–505. [CrossRef]
55. Leidal, A.M.; Cyr, D.P.; Hill, R.J.; Lee, P.W.K.; McCormick, C. Subversion of autophagy by Kaposi’s
sarcoma-associated herpesvirus impairs oncogene-induced senescence. Cell Host Microbe 2012, 11, 167–180.
[CrossRef]
56. Kim, K.H.; Shin, H.; Kim, K.; Choi, H.M.; Rhee, S.H.; Moon, H.; Kim, H.H.; Yang, U.S.; Yu, D.; Cheong, J.
Hepatitis B virus X protein induces hepatic steatosis via transcriptional activation of SREBP1 and PPARγ.
Gastroenterology 2007, 132, 1955–1967. [CrossRef]
57. Park, S.-H.; Jung, J.K.; Lim, J.S.; Tiwari, I.; Jang, K.L. Hepatitis B virus X protein overcomes all-trans retinoic
acid-induced cellular senescence by downregulating levels of p16 and p21 via DNA methylation. J. Gen. Virol.
2011, 92, 1309–1317. [CrossRef]
58. Estêvão, D.; Costa, N.R.; Gil Da Costa, R.M.; Medeiros, R. Hallmarks of HPV carcinogenesis: The role of E6,
E7 and E5 oncoproteins in cellular malignancy. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 153–162.
[CrossRef]
59. Kiyono, T.; Foster, S.A.; Koop, J.I.; McDougall, J.K.; Galloway, D.A.; Klingelhutz, A.J. Both Rb/p16INK4a
inactivation and telomerase activity are required to immortalize human epithelial cells. Nat. Cell Biol. 1998,
396, 84–88. [CrossRef]
60. Liu, P.; Ridilla, M.; Patel, P.; Betts, L.; Gallichotte, E.; Shahidi, L.; Thompson, N.L.; Jacobson, K. Beyond
attachment: Roles of DC-SIGN in dengue virus infection. Traffic 2017, 18, 218–231. [CrossRef]
61. Khoo, U.; Chan, K.Y.K.; Chan, V.S.F.; Lin, C.L.S. DC-SIGN and L-SIGN: The SIGNs for infection. J. Mol. Med.
2008, 86, 861–874. [CrossRef]
62. Kim, J.-A.; Seong, R.-K.; Shin, O.S. Enhanced viral replication by cellular replicative senescence. Immune Netw.
2016, 16, 286–295. [CrossRef]
63. Kirkland, J.L.; Tchkonia, T. Clinical strategies and animal models for developing senolytic agents. Exp. Gerontol.
2015, 68, 19–25. [CrossRef]
64. Dookun, E.; Passos, J.F.; Arthur, H.M.; Richardson, G.D. Therapeutic potential of senolytics in cardiovascular
disease. Cardiovasc. Drugs Ther. 2020, 1–10. [CrossRef]
65. Kirkland, J.L.; Tchkonia, T.; Zhu, Y.; Niedernhofer, L.J.; Robbins, P.D. The clinical potential of senolytic drugs.
J. Am. Geriatr. Soc. 2017, 65, 2297–2301. [CrossRef]
66. Kirkland, J.L.; Tchkonia, T. Senolytic drugs: From discovery to translation. J. Intern. Med. 2020, 288, 518–536.
[CrossRef]
67. Lombardo, L.J.; Lee, F.Y.; Chen, P.; Norris, D.; Barrish, J.C.; Behnia, K.; Castaneda, S.; Cornelius, L.A.M.;
Das, J.; Doweyko, A.M.; et al. Discovery of N-(2-chloro-6-methyl-phenyl)-2-(6-(4-(2-hydroxyethyl)-
piperazin-1-yl)-2-methylpyrimidin-4-ylamino)thiazole-5-carboxamide (BMS-354825), a dual Src/Abl kinase
inhibitor with potent antitumor activity in preclinical assays. J. Med. Chem. 2004, 47, 6658–6661. [CrossRef]
68. Zhu, Y.; Tchkonia, T.; Pirtskhalava, T.; Gower, A.C.; Ding, H.; Giorgadze, N.; Palmer, A.K.; Ikeno, Y.;
Hubbard, G.B.; Lenburg, M.; et al. The Achilles’ heel of senescent cells: From transcriptome to senolytic
drugs. Aging Cell 2015, 14, 644–658. [CrossRef]
Biology 2020, 9, 455 13 of 16
69. Schenone, S.; Brullo, C.; Musumeci, F.; Botta, M. Novel dual Src/Abl inhibitors for hematologic and solid
malignancies. Expert Opin. Investig. Drugs 2010, 19, 931–945. [CrossRef]
70. Talpaz, M.; Shah, N.P.; Kantarjian, H.; Donato, N.; Nicoll, J.; Paquette, R.; Cortes, J.; O’Brien, S.; Nicaise, C.;
Bleickardt, E.; et al. Dasatinib in imatinib-resistant Philadelphia chromosome–positive leukemias. N. Engl.
J. Med. 2006, 354, 2531–2541. [CrossRef]
71. Weisberg, E.; Manley, P.W.; Cowan-Jacob, S.W.; Hochhaus, A.; Griffin, J.D. Second generation inhibitors
of BCR-ABL for the treatment of imatinib-resistant chronic myeloid leukaemia. Nat. Rev. Cancer 2007, 7,
345–356. [CrossRef]
72. Wei, C.; Margulies, I.; Menon, M.C.; Zhang, W.; Fu, J.; Kidd, B.; Keung, K.L.; Woytovich, C.; Greene, I.;
Xiao, W.; et al. Genomic analysis of kidney allograft injury identifies hematopoietic cell kinase as a key driver
of renal fibrosis. J. Am. Soc. Nephrol. 2016, 28, 1385–1393. [CrossRef]
73. Justice, J.N.; Nambiar, A.M.; Tchkonia, T.; Lebrasseur, N.K.; Pascual, R.; Hashmi, S.K.; Prata, L.;
Masternak, M.M.; Kritchevsky, S.; Musi, N.; et al. Senolytics in idiopathic pulmonary fibrosis: Results from a
first-in-human, open-label, pilot study. EBioMedicine 2019, 40, 554–563. [CrossRef]
74. Chu, J.J.H.; Yang, P.L. c-Src protein kinase inhibitors block assembly and maturation of dengue virus.
Proc. Natl. Acad. Sci. USA 2007, 104, 3520–3525. [CrossRef]
75. De Wispelaere, M.; Lacroix, A.J.; Yang, P.L. The small molecules AZD0530 and dasatinib inhibit dengue virus
RNA replication via Fyn Kinase. J. Virol. 2013, 87, 7367–7381. [CrossRef]
76. Lupberger, J.; Zeisel, M.B.; Xiao, F.; Thumann, C.; Fofana, I.; Zona, L.; Davis, C.; Mee, C.J.; Turek, M.; Gorke, S.;
et al. EGFR and EphA2 are host factors for hepatitis C virus entry and possible targets for antiviral therapy.
Nat. Med. 2011, 17, 589–595. [CrossRef]
77. Min, S.; Lim, Y.-S.; Shin, D.; Park, C.; Park, J.-B.; Kim, S.; Windisch, M.P.; Hwang, S.B. Abl tyrosine kinase
regulates hepatitis C virus entry. Front. Microbiol. 2017, 8, 1129. [CrossRef]
78. Broeckel, R.; Sarkar, S.; May, N.A.; Totonchy, J.; Kreklywich, C.N.; Smith, P.; Graves, L.; DeFilippis, V.R.;
Heise, M.T.; Morrison, T.E.; et al. Src family kinase inhibitors block translation of alphavirus subgenomic
mRNAs. Antimicrob. Agents Chemother. 2019, 63, e02325-18. [CrossRef]
79. Pogliaghi, M.; Papagno, L.; Lambert, S.; Calin, R.; Calvez, V.; Katlama, C.; Autran, B. The tyrosine kinase
inhibitor Dasatinib blocks in-vitro HIV-1 production by primary CD4+ T cells from HIV-1 infected patients.
Aids 2014, 28, 278–281. [CrossRef]
80. Bermejo, M.; López-Huertas, M.R.; García-Pérez, J.; Climent, N.; Descours, B.; Ambrosioni, J.; Mateos, E.;
Rodríguez-Mora, S.; Rus-Bercial, L.; Benkirane, M.; et al. Dasatinib inhibits HIV-1 replication through the
interference of SAMHD1 phosphorylation in CD4+ T cells. Biochem. Pharmacol. 2016, 106, 30–45. [CrossRef]
81. Salgado, M.; Martinez-Picado, J.; Gálvez, C.; Rodríguez-Mora, S.; Rivaya, B.; Urrea, V.; Mateos, E.;
Alcamí, J.; Coiras, M. Dasatinib protects humanized mice from acute HIV-1 infection. Biochem. Pharmacol.
2020, 174, 113625. [CrossRef]
82. Choi, J.-K.; Cho, S.-Y.; Choi, S.-M.; Kim, G.H.; Lee, S.-E.; Lee, S.; Kim, D.-W.; Lee, D.-G. Cytomegalovirus
colitis during dasatinib treatment for patients with hematologic malignancy: Case series and literature
review. Infect. Chemother. 2018, 50, 153–159. [CrossRef]
83. García-Muñoz, R.; Galar, A.; Moreno, C.; Rodriguez-Otero, P.; Morgado, E.P.; Ponz-Sarvise, M.; Alonso, M.F.;
Rubio, M.; Merino, J.; Cuesta, B.; et al. Parvovirus B19 acute infection and a reactivation of cytomegalovirus
and herpesvirus 6 in a chronic myeloid leukemia patient during treatment with dasatinib (BMS-354825).
Leuk. Lymphoma 2007, 48, 2461–2464. [CrossRef]
84. Khan, M.A.; Walling, T.; Cumpston, A.; Craig, M. CMV colitis in a patient receiving dasatinib. Blood 2007,
110, 4567. [CrossRef]
85. Lancman, G.; Mascarenhas, J.; Bar-Natan, M. Severe COVID-19 virus reactivation following treatment for B
cell acute lymphoblastic leukemia. J. Hematol. Oncol. 2020, 13, 1–3. [CrossRef]
86. Prestes, D.P.; Arbona, E.; Nevett-Fernandez, A.; Woolley, A.E.; Ho, V.T.; Koo, S.; Baden, L.R.; Koreth, J.;
Hammond, S.P.; Issa, N.C.; et al. Dasatinib use and risk of cytomegalovirus reactivation after allogeneic
hematopoietic-cell transplantation. Clin. Infect. Dis. 2017, 65, 510–513. [CrossRef]
87. Mattiuzzi, G.N.; Cortes, J.; Talpaz, M.; Reuben, J.; Rios, M.B.; Shan, J.; Kontoyiannis, D.; Giles, F.; Raad, I.;
Verstovsek, S.; et al. Development of Varicella-Zoster virus infection in patients with chronic myelogenous
leukemia treated with imatinib mesylate. Clin. Cancer Res. 2003, 9, 976–980.
Biology 2020, 9, 455 14 of 16
88. Von Olshausen, G.; Quasdorff, M.; Bester, R.; Arzberger, S.; Ko, C.; van de Klundert, M.; Zhang, K.;
Odenthal, M.; Ringelhan, M.; Niessen, C.M.; et al. Hepatitis B virus promotes β-catenin-signalling and
disassembly of adherens junctions in a Src kinase dependent fashion. Oncotarget 2018, 9, 33947–33960.
[CrossRef]
89. Ando, T.; Kojima, K.; Isoda, H.; Eguchi, Y.; Honda, T.; Ishigami, M.; Kimura, S. Reactivation of resolved
infection with the hepatitis B virus immune escape mutant G145R during dasatinib treatment for chronic
myeloid leukemia. Int. J. Hematol. 2015, 102, 379–382. [CrossRef]
90. Kim, S.-H.; Kim, H.J.; Kwak, J.-Y.; Kim, J.S.; Mun, Y.-C.; Park, J.S.; Sohn, S.K.; Kim, D.-W. Hepatitis B
virus reactivation in chronic myeloid leukemia treated with various tyrosine kinase inhibitors: Multicenter,
retrospective study. Blood 2012, 120, 3738. [CrossRef]
91. Zhu, Y.; Doornebal, E.J.; Pirtskhalava, T.; Giorgadze, N.; Wentworth, M.; Fuhrmann-Stroissnigg, H.;
Niedernhofer, L.J.; Robbins, P.D.; Tchkonia, T.; Kirkland, J.L. New agents that target senescent cells:
The flavone, fisetin, and the BCL-XL inhibitors, A1331852 and A1155463. Aging 2017, 9, 955–963. [CrossRef]
[PubMed]
92. Zhu, Y.; Tchkonia, T.; Fuhrmann-Stroissnigg, H.; Dai, H.M.; Ling, Y.Y.; Stout, M.B.; Pirtskhalava, T.;
Giorgadze, N.; Johnson, K.O.; Giles, C.B.; et al. Identification of a novel senolytic agent, navitoclax, targeting
the Bcl-2 family of anti-apoptotic factors. Aging Cell 2016, 15, 428–435. [CrossRef] [PubMed]
93. Cang, S.; Iragavarapu, C.; Savooji, J.; Song, Y.; Liu, D. ABT-199 (venetoclax) and BCL-2 inhibitors in clinical
development. J. Hematol. Oncol. 2015, 8, 129. [CrossRef] [PubMed]
94. Kakkola, L.; Denisova, O.V.; Tynell, J.; Viiliäinen, J.; Ysenbaert, T.; Matos, R.C.; Nagaraj, A.; Öhman, T.;
Kuivanen, S.; Paavilainen, H.; et al. Anticancer compound ABT-263 accelerates apoptosis in virus-infected
cells and imbalances cytokine production and lowers survival rates of infected mice. Cell Death Dis.
2013, 4, e742. [CrossRef] [PubMed]
95. Bulanova, D.; Ianevski, A.; Bugai, A.; Akimov, Y.; Kuivanen, S.; Paavilainen, H.; Kakkola, L.; Nandania, J.;
Turunen, L.; Öhman, T.; et al. Antiviral properties of chemical inhibitors of cellular anti-apoptotic Bcl-2
proteins. Viruses 2017, 9, 271. [CrossRef] [PubMed]
96. Cummins, N.W.; Sainski-Nguyen, A.M.; Natesampillai, S.; Aboulnasr, F.; Kaufmann, S.; Badley, A.D.
Maintenance of the HIV reservoir is antagonized by selective BCL2 inhibition. J. Virol. 2017, 91, e00012-17.
[CrossRef] [PubMed]
97. Fuhrmann-Stroissnigg, H.; Ling, Y.Y.; Zhao, J.; McGowan, S.J.; Zhu, Y.; Brooks, R.W.; Grassi, D.; Gregg, S.Q.;
Stripay, J.L.; Dorronsoro, A.; et al. Identification of HSP90 inhibitors as a novel class of senolytics. Nat. Commun.
2017, 8, 422. [CrossRef]
98. Connor, J.H.; McKenzie, M.O.; Parks, G.D.; Lyles, D.S. Antiviral activity and RNA polymerase degradation
following Hsp90 inhibition in a range of negative strand viruses. Virology 2007, 362, 109–119. [CrossRef]
99. Smith, D.R.; McCarthy, S.; Chrovian, A.; Olinger, G.; Stossel, A.; Geisbert, T.W.; Hensley, L.E.; Connor, J.H.
Inhibition of heat-shock protein 90 reduces Ebola virus replication. Antivir. Res. 2010, 87, 187–194. [CrossRef]
100. Ujino, S.; Yamaguchi, S.; Shimotohno, K.; Takaku, H. Heat-shock protein 90 is essential for stabilization of
the hepatitis C virus nonstructural protein NS3. J. Biol. Chem. 2009, 284, 6841–6846. [CrossRef]
101. Waxman, L.; Whitney, M.; Pollok, B.A.; Kuo, L.C.; Darke, P.L. Host cell factor requirement for hepatitis C
virus enzyme maturation. Proc. Natl. Acad. Sci. USA 2001, 98, 13931–13935. [CrossRef] [PubMed]
102. Geller, R.; Vignuzzi, M.; Andino, R.; Frydman, J. Evolutionary constraints on chaperone-mediated folding
provide an antiviral approach refractory to development of drug resistance. Genes Dev. 2007, 21, 195–205.
[CrossRef] [PubMed]
103. Li, Y.; Lu, Q.-N.; Wang, H.-Q.; Tao, P.-Z.; Jiang, J. Geldanamycin, a ligand of heat shock protein 90, inhibits
herpes simplex virus type 2 replication both in vitro and in vivo. J. Antibiot. 2012, 65, 509–512. [CrossRef]
[PubMed]
104. Aggarwal, B.B.; Shishodia, S. Molecular targets of dietary agents for prevention and therapy of cancer.
Biochem. Pharmacol. 2006, 71, 1397–1421. [CrossRef] [PubMed]
105. Di Pierro, F.; Khan, A.; Bertuccioli, A.; Maffioli, P.; Derosa, G.; Khan, S.; Khan, B.A.; Nigar, R.; Ujjan, I.;
Devraian, B.R. Quercetin Phytosome®as a potential drug for Covid-19. Minerva Gastroenterol. Dietol. 2020.
[CrossRef]
106. Russo, M.; Moccia, S.; Spagnuolo, C.; Tedesco, I.; Russo, G.L. Roles of flavonoids against coronavirus infection.
Chem. Interact. 2020, 328, 109211. [CrossRef] [PubMed]
Biology 2020, 9, 455 15 of 16
107. Taguchi, Y.-H.; Turki, T. A new advanced in silico drug discovery method for novel coronavirus (SARS-CoV-2)
with tensor decomposition-based unsupervised feature extraction. PLoS ONE 2020, 15, e0238907. [CrossRef]
108. Williamson, G.; Kerimi, A. Testing of natural products in clinical trials targeting the SARS-CoV-2
(Covid-19) viral spike protein-angiotensin converting enzyme-2 (ACE2) interaction. Biochem. Pharmacol.
2020, 178, 114123. [CrossRef]
109. Zou, M.; Liu, H.; Li, J.; Yao, X.; Chen, Y.; Ke, C.; Liu, S. Structure-activity relationship of flavonoid bifunctional
inhibitors against Zika virus infection. Biochem. Pharmacol. 2020, 177, 113962. [CrossRef]
110. Lim, H.-J.; Nguyen, T.T.H.; Kim, N.M.; Park, J.-S.; Jang, T.-S.; Kim, D. Inhibitory effect of flavonoids against
NS2B-NS3 protease of ZIKA virus and their structure activity relationship. Biotechnol. Lett. 2016, 39, 415–421.
[CrossRef]
111. Roy, A.; Lim, L.; Srivastava, S.; Lu, Y.; Song, J. Solution conformations of Zika NS2B-NS3pro and its inhibition
by natural products from edible plants. PLoS ONE 2017, 12, e0180632. [CrossRef] [PubMed]
112. Carneiro, B.M.; Batista, M.N.; Braga, A.C.S.; Nogueira, M.L.; Rahal, P. The green tea molecule EGCG inhibits
Zika virus entry. Virology 2016, 496, 215–218. [CrossRef] [PubMed]
113. Yamaguchi, K.; Honda, M.; Ikigai, H.; Hara, Y.; Shimamura, T. Inhibitory effects of (−)-epigallocatechin
gallate on the life cycle of human immunodeficiency virus type 1 (HIV-1). Antivir. Res. 2002, 53, 19–34.
[CrossRef]
114. Sarwar, M.W.; Riaz, A.; Dilshad, S.M.R.; Al-Qahtani, A.A.; Nawaz-Ul-Rehman, M.S.; Mubin, M. Structure
activity relationship (SAR) and quantitative structure activity relationship (QSAR) studies showed plant
flavonoids as potential inhibitors of dengue NS2B-NS3 protease. BMC Struct. Biol. 2018, 18, 6. [CrossRef]
[PubMed]
115. Yadav, R.; Selvaraj, C.; Aarthy, M.; Kumar, P.; Kumar, A.; Singh, S.K.; Giri, R. Investigating into the molecular
interactions of flavonoids targeting NS2B-NS3 protease from ZIKA virus through in-silico approaches.
J. Biomol. Struct. Dyn. 2020, 1–13. [CrossRef] [PubMed]
116. de Sousa, L.R.F.; Wu, H.; Nebo, L.; Fernandes, J.B.; da Silva, M.F.; Kiefer, W.; Kanitz, M.; Bodem, J.;
Diederich, W.E.; Schirmeister, T.; et al. Flavonoids as noncompetitive inhibitors of Dengue virus NS2B-NS3
protease: Inhibition kinetics and docking studies. Bioorganic Med. Chem. 2015, 23, 466–470. [CrossRef]
117. Gonzalez, O.; Fontanes, V.; Raychaudhuri, S.; Loo, R.; Loo, J.; Arumugaswami, V.; Sun, R.; Dasgupta, A.;
French, S.W. The heat shock protein inhibitor Quercetin attenuates hepatitis C virus production. Hepatology
2009, 50, 1756–1764. [CrossRef]
118. Khachatoorian, R.; Arumugaswami, V.; Raychaudhuri, S.; Yeh, G.K.; Maloney, E.M.; Wang, J.; Dasgupta, A.;
French, S.W. Divergent antiviral effects of bioflavonoids on the hepatitis C virus life cycle. Virology
2012, 433, 346–355. [CrossRef]
119. Bhattacharya, D.; Ansari, I.H.; Mehle, A.; Striker, R. Fluorescence resonance energy transfer-based intracellular
assay for the conformation of hepatitis C virus drug target NS5A. J. Virol. 2012, 86, 8277–8286. [CrossRef]
120. Bachmetov, L.; Gal-Tanamy, M.; Shapira, A.; Vorobeychik, M.; Giterman-Galam, T.; Sathiyamoorthy, P.;
Golan-Goldhirsh, A.; Benhar, I.; Tur-Kaspa, R.; Zemel, R. Suppression of hepatitis C virus by the flavonoid
quercetin is mediated by inhibition of NS3 protease activity. J. Viral Hepat. 2011, 19, e81–e88. [CrossRef]
121. Rojas, Á.; Del Campo, J.A.; Clement, S.; Lemasson, M.; García-Valdecasas, M.; Gil-Gómez, A.; Ranchal, I.;
Bartosch, B.; Bautista, J.D.; Rosenberg, A.R.; et al. Effect of quercetin on hepatitis C virus life cycle: From viral
to host targets. Sci. Rep. 2016, 6, 31777. [CrossRef] [PubMed]
122. Wu, W.; Li, R.; Li, X.; He, J.; Jiang, S.; Liu, S.; Yang, J. Quercetin as an antiviral agent inhibits influenza A
virus (IAV) entry. Viruses 2016, 8, 6. [CrossRef] [PubMed]
123. Kim, C.H.; Kim, J.-E.; Song, Y.-J. Antiviral activities of quercetin and isoquercitrin against human herpesviruses.
Molecules 2020, 25, 2379. [CrossRef] [PubMed]
124. Hung, P.-Y.; Ho, B.-C.; Lee, S.-Y.; Chang, S.-Y.; Kao, C.-L.; Lee, S.-S.; Lee, C.-N. Houttuynia cordata targets the
beginning stage of herpes simplex virus infection. PLoS ONE 2015, 10, e0115475. [CrossRef]
125. Lee, S.; Lee, H.H.; Shin, Y.-S.; Kang, H.J.; Cho, H. The anti-HSV-1 effect of quercetin is dependent on the
suppression of TLR-3 in Raw 264.7 cells. Arch. Pharmacal Res. 2017, 40, 623–630. [CrossRef]
126. Guerrero, A.; Herranz, N.; Sun, B.; Wagner, V.; Gallage, S.; Guiho, R.; Wolter, K.; Pombo, J.; Irvine, E.E.;
Innes, A.J.; et al. Cardiac glycosides are broad-spectrum senolytics. Nat. Metab. 2019, 1, 1074–1088.
[CrossRef]
Biology 2020, 9, 455 16 of 16
127. Triana-Martínez, F.; Picallos-Rabina, P.; Da Silva-Álvarez, S.; Pietrocola, F.; Llanos, S.; Rodilla, V.; Soprano, E.;
Pedrosa, P.; Ferreirós, A.; Barradas, M.; et al. Identification and characterization of Cardiac Glycosides as
senolytic compounds. Nat. Commun. 2019, 10, 4731. [CrossRef]
128. Souza-Souza, K.F.C.; Gonçalves-De-Albuquerque, C.F.; Cirne-Santos, C.; Paixão, I.C.N.P.; Burth, P.
Alphavirus replication: The role of cardiac glycosides and ion concentration in host cells. BioMed Res. Int.
2020, 2020, 2813253. [CrossRef]
129. Cai, H.; Kapoor, A.; He, R.; Venkatadri, R.; Forman, M.; Posner, G.H.; Arav-Boger, R. In vitro combination of
anti-cytomegalovirus compounds acting through different targets: Role of the slope parameter and insights
into mechanisms of action. Antimicrob. Agents Chemother. 2014, 58, 986–994. [CrossRef]
130. Kapoor, A.; Cai, H.; Forman, M.; He, R.; Shamay, M.; Arav-Boger, R. Human cytomegalovirus inhibition
by cardiac glycosides: evidence for involvement of the hERG gene. Antimicrob. Agents Chemother.
2012, 56, 4891–4899. [CrossRef]
131. Xie, Z. Molecular mechanisms of Na/K-ATPase-mediated signal transduction. Ann. N. Y. Acad. Sci. 2003,
986, 497–503. [CrossRef] [PubMed]
132. Cohen, T.; Williams, J.D.; Opperman, T.J.; Sanchez, R.; Lurain, N.S.; Tortorella, D. Convallatoxin-induced
reduction of methionine import effectively inhibits human cytomegalovirus infection and replication. J. Virol.
2016, 90, 10715–10727. [CrossRef] [PubMed]
133. Dodson, A.W.; Taylor, T.J.; Knipe, D.M.; Coen, D.M. Inhibitors of the sodium potassium ATPase that impair
herpes simplex virus replication identified via a chemical screening approach. Virology 2007, 366, 340–348.
[CrossRef] [PubMed]
134. Laird, G.M.; Eisele, E.E.; Rabi, S.A.; Nikolaeva, D.; Siliciano, R.F. A novel cell-based high-throughput screen
for inhibitors of HIV-1 gene expression and budding identifies the cardiac glycosides. J. Antimicrob. Chemother.
2013, 69, 988–994. [CrossRef] [PubMed]
135. Wong, R.W.; Balachandran, A.; Ostrowski, M.A.; Cochrane, A. Digoxin suppresses HIV-1 replication by
altering viral RNA processing. PLoS Pathog. 2013, 9, e1003241. [CrossRef] [PubMed]
136. Nagai, Y.; Maeno, K.; Iinuma, M.; Yoshida, T.; Matsumoto, T. Inhibition of virus growth by ouabain: Effect of
ouabain on the growth of HVJ in chick embryo cells. J. Virol. 1972, 9, 234–243. [CrossRef]
137. Cho, J.; Lee, Y.J.; Kim, J.H.; Kim, S.I.; Kim, S.S.; Choi, B.-S.; Choi, J.-H. Antiviral activity of digoxin and
ouabain against SARS-CoV-2 infection and its implication for COVID-19. Sci. Rep. 2020, 10, 16200. [CrossRef]
138. Burkard, C.; Verheije, M.H.; Haagmans, B.L.; van Kuppeveld, F.J.; Rottier, P.J.M.; Bosch, B.-J.; de Haan, C.A.M.
ATP1A1-mediated Src signaling inhibits coronavirus entry into host cells. J. Virol. 2015, 89, 4434–4448.
[CrossRef]
139. Amarelle, L.; Katzen, J.; Shigemura, M.; Welch, L.C.; Cajigas, H.; Peteranderl, C.; Celli, D.; Herold, S.;
Lecuona, E.; Sznajder, J.I. Cardiac glycosides decrease influenza virus replication by inhibiting cell protein
translational machinery. Am. J. Physiol. Cell. Mol. Physiol. 2019, 316, L1094–L1106. [CrossRef]
140. Weiland, T.; Lampe, J.; Essmann, F.; Venturelli, S.; Berger, A.; Bossow, S.; Berchtold, S.; Schulze-Osthoff, K.;
Lauer, U.M.; Bitzer, M. Enhanced killing of therapy-induced senescent tumor cells by oncolytic measles
vaccine viruses. Int. J. Cancer 2013, 134, 235–243. [CrossRef]
141. May, V.; Berchtold, S.; Berger, A.; Venturelli, S.; Burkard, M.; Leischner, C.; Malek, N.P.; Lauer, U.M.
Chemovirotherapy for pancreatic cancer: Gemcitabine plus oncolytic measles vaccine virus. Oncol. Lett.
2019, 18, 5534–5542. [CrossRef] [PubMed]
142. Skelding, K.A.; Barry, R.D.; Shafren, D.R. Enhanced oncolysis mediated by Coxsackievirus A21 in combination
with doxorubicin hydrochloride. Investig. New Drugs 2010, 30, 568–581. [CrossRef] [PubMed]
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
